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sodium chloride is that of ferrocya- 
nide salts. Concentrations as low as 
10 parts per million cause the forma- 
tion of vicinal (110) faces on (100) 
planes, thus preventing strongly bond- 
ing salt bridges from forming between 
contiguous crystals. (This is the basis 
for the anti-caking patents.) At higher 
concentrations growth layers on (100) 
are suppressed, and the 12 edges 
extend themselves around concave 
cube faces to form skeletal cubes. 
At still higher concentrations edge 
growth, as well, is suppressed and the 
eight corners extend, forming spiky 
star-like crystals. This last effect forms 
the basis of the patents on sodium 
chloride of low-bulk density. 

On moist salt crystals drying in air, 
ferrocyanide salts at very high con- 
centrations cause dendritic growth 
(Fig. 1). These dendrites are crypto- 
crystalline extensions of cube corners 
and grow to lengths of 2.5 cm or 
more. 

Seven effective habit-modifying 
agents reported here are cysteine, 
creatinine, papain, monosodium glu- 
tamate, sodium hexametaphosphate, a 
combination of sodium hexametaphos- 
phate and an aluminum salt, and 
aluminon. The first five agents cause 
the formation of octahedra. Aluminon 
causes the formation of very finely 
divided octahedra, and if there is con- 
tamination by an aluminum salt the 
crystals are colored pink. 

The most interesting modifier of 
crystal habit was the combination of 
sodium hexametaphosphate with a 
soluble aluminum salt. When a sol- 
uble aluminum salt was present in 
the system the formation of octahedra 
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resulting from the action of sodium 
hexametaphosphate was suppressed 
and cubic crystals formed. However, 
the two agents in proper ratio in the 
vacuum evaporator yield in quantity 
coarse crystal aggregates of sodium 
chloride shaped like baskets (Fig. 2). 

These bulky basket-shaped crystals 
are aggregates of a geometric solid 
described by Kelvin (8) as regular 
tetrakaidecahedra. This 14-faced com- 
bination is a cubo-octahedron with 
eight hexagonal (111) faces and six 
square (100) faces. All edges are 
equal in length. The aggregate struc- 
ture is probably derived by accretions 
of tetrakaidecahedra as in twin posi- 
tion. When in this position the joined 
(111) faces have a common edge 
(110) and the adjacent (100) faces 
have a common edge (001). A model 
was made with this orientation of the 
units and a striking similarity to the 
actual crystal aggregate was found 
(Fig. 3). 

The possibility exists that since 
(111) faces consist of lattice planes 
containing, at any given instant, all 
sodium or all chlorine atoms and 
other lattice planes alternate sodium- 
chlorine-sodium, the attractive forces 
between (111) faces are greater than 
those between (100) faces. That crys- 
tal growth by accretion on similar 
parallel planes is probable was shown 
by Schubnikov (5, p. 247). 

The combination of microscope 
screening and vacuum evaporation 
has been found to be a useful tech- 
nique in this specific application. It 
would seem to be useful in other 

crystal-growing processes either to se- 
lect agents for use in growing better 
crystals or even to determine con- 
taminants causing poor crystallization. 
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Origin of Oceanic 

Manganese Minerals 

Abstract. A criterion is suggested for 
discrimination between ferromanganese 
oxide minerals, deposited after the in- 
troduction of manganese and associated 
elements in sea water solution at sub- 
marine vulcanism, and minerals which 
are slowly formed from dilute solu- 
tion, largely of continental origin. The 
simultaneous injection of thorium into 
the ocean by submarine vulcanism is 
indicated, and its differentiation from 
continental thorium introduced into the 
ocean by runoff is discussed. 

Since the discovery of the widespread 
occurrence of manganese oxide nodules 
on the ocean floor by Murray and his 
collaborators (1) the origin of these 
aggregates has been extensively debated. 
Some authors have assumed submarine 
vulcanism as the main source of the 
manganese; others have pointed at the 
depletion of manganese in continental 
and epicontinental sediments, leading 
to a net transport of manganese to the 
ocean floor. This discussion has recently 
been summarized and implemented by 
Bonatti and Nayudu (2). A review of 
the present knowledge of the structure 
and composition of the aggregates has 
been given by Arrhenius (3). 

Bonatti and Nayudu (2) have 
stressed the extensive direct and cir- 
cumstantial evidence for volcanic origin 
of the main constituents. However, it 
also appears beyond doubt that a net 
transport of manganese takes place 
from the continental shelves into the 
deep ocean (4). Consequently one is 
led to assume that both of these proc- 
esses contribute to the accretion of 
manganese oxide minerals on the ocean 
floor (5). It is interesting under these 
circumstances to attempt a discrimina- 
tion between manganese oxides derived 
from submarine eruptives, on one hand, 
and oxide minerals composed essen- 
tially of manganese derived from 
weathering on the continents, on the 
other. Numerous chemical analyses 
carried out on manganese nodules, 
primarily from the Pacific Ocean (5, 6) 
are available as a basis for such an 
attempt. 

It appears evident from observation 
of glass specimens, which have reacted 
with sea water, that considerable 
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water at submarine volcanic effusions. 
Many of these species, including iron 
and manganese, are unstable at the oxy- 
gen content of normal sea water and 
would be expected to be successively 
precipitated near the site of eruption or 
other hydrothermal activity. A detailed 
discussion of these reactions is given by 
Bostrom (7). Dissolved manganese 
transported from the continent, as well 
as manganese remaining in solution af- 
ter oxidation and hydrolysis of the bulk 
of the volcanic effusive release, would 
have to prevail in extremely dilute solu- 
tion, presumably in the form of some 
uncharged hydroxide species (8). The 
amount of manganese in sea water 
passing through filter mesh of 0.5 /Am 
has been measured by Goldberg (9), 
and the order of concentration found, 
4 x 10-8 mole/liter, constitutes the best 
estimate of the amount in solution. As 
indicated by Bostrom (7), the most 
important factor controlling the rate of 
oxidation after a volcanic effusion on 
the deep ocean floor is the advection 
of dissolved oxygen; since its normal 
concentration in sea water is low (1.3 
x 10-4 mole/liter can be taken as a 
representative figure), the equivalent of 
about 4000 liters of sea water would be 
needed for the oxidation of one mole of 
divalent manganese into quadrivalent 
form. Buser and Griitter (10) have 
demonstrated that the solid phase which 
forms at the initially low oxidation 
potential is a (probably metastable) 
mixed layer structure consisting of 
alternating sheets of MnO2 and 
Mn(OH)2. The structure is strongly 
disordered; as a result the steric re- 
quirements on substituting ions are not 
particularly stringent, and large amounts 
of metal ions of widely varying size 

frequency 

100-- 

10 

10 100 1000 10,000 
otomic ratio Mn/Co 

Fig. 1. Frequency distribution of the ratio 
Mn/Co in manganese nodules from the 
Pacific Ocean floor. The collective has 
been divided into a high and a low cobalt 
group by an arbitrary limit at the atomic 
ratio Mn/Co == 300. 
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and ligand-field characteristics are in- 
corporated at the presumably rapid pre- 
cipitation from volcanogenic solutions. 

Single-sheet structures of MnO2 
constitute the stable phase at a high 
redox potential-that is, in the late 
stages of the oxidation process when 
the concentrations of reacting metal 
cations are low in comparison with the 
concentration of dissolved oxygen. Such 
high ratios of oxygen to reactive-cation 
concentration would be expected to 
prevail at the precipitation of man- 
ganese species which have been diluted 
during a long residence in solution, or 
of such species which have been 
originally introduced in the ocean in a 
highly diluted state (continental run- 
off) including the dissolved manganese 
from the continents. The resultant, 
highly oxidized MnO2 phase types 
found on the ocean floor generally dis- 
play a relatively high degree of order- 
ing of the constituent molecular sheets 
in contrast to the Mn(II)-Mn(IV) 
mixed layer structures. The indis- 
criminate incorporation of a broad 
assemblage of foreign ions, which is 
typical of these rapidly precipitated, 
disordered structures with mixed ionic 

charge, is absent in the well ordered 
aggregates of MnO2 and FeOOH, 
presumably slowly crystallized. This 
slow growth has most likely taken place 
from solution. The possibility can not 
be excluded, however, that secondary 
oxidation and recrystallization of the 
mixed-layer structure can take place 
over a long time, and it does for this 
reason appear safer at the present time 
to base a diagnosis of the origin and 
mode of deposition not solely on the 
crystal structure of the mineral. Other 
cations, accepted in the Mn(II) layers 
of the mixed structure but not fitting 
in the MnO2 crystal could, however, 
furnish a memory of the original redox 
conditions at the time of deposition. 
Among the 3d-elements cobalt would 
be expected to be the most advanta- 
geous tracer of this kind; chromium, 
iron, nickel, and copper are less suitable, 
owing to their abundance relations, the 
nature of the dissolved species, and 
their behavior in igneous systems. A 
more detailed discussion of these limit- 
ing conditions is given by Arrhenius 
and Bonatti (11). Cobalt probably pre- 
vails in divalent form in the sea water 
and remains stable at a potential where 
Mn(II) is oxidized (8; 11, Fig. 1; 12). 
The Co(II) can be expected to enter 
in substitution for Mn(II) in the mixed- 

Table 1. Thorium and cobalt content of the 
total aggregate of manganese nodules from 
various locations. The composition of the 
different phases constituting these aggregates 
is discussed by Arrhenius (3, Table 2) and 
by Arrhenius and Bonatti (11). 

Sample Th* Cot 
Latitude Longitude (ppm) (ppm) 

Dwd BD4 
17?20'S 146?30'W 84 9100 

Dwd HD72 
25?31'S 85?14'W 58 4400 

Alb 4713 
9057'N 137?47TW 75 1100 

Alb 4711 
7?48'S 94006'W 17 295 

Alb 4721 
8008'S 104011'W 5 520 

Alb 2 
28?23'N 126?57'W 9 60 
* Colorimetric determination after separation by 
anion exchange (17). t Optical spectrometric 
determination (by A. Chodos and E. Godijn) 
on an aliquot of the sample used for thorium 
analysis. 

layer minerals which indicate a low 
redox potential at the time of forma- 
tion. Large amounts of cobalt in the 
manganese oxide phase are indeed 
found in nodules with a high total con- 
tent of cobalt (11) (Table 1). 

Conversely, a lack of cobalt and 
divalent manganese in the mineral 
structure of manganese oxide would 
indicate a high oxidation state of the 
manganese at the time of precipitation, 
presumably associated with slow deposi- 
tion from highly dilute solution with 

Table 2. Thorium in replacement minerals 
on marine skeletal apatite and in phosphatized 
plant tissue as compared to the average in 
igneous rocks. 

Sample Th 
(ppm) 

Fish debris from pelagic sediments, 
N, Equatorial Pacific* t 92 

Fish debris from pelagic sediment, 
off Mexico 73 

Fish debris from pelagic sediment, 
N, Equatorial Pacific* 30 

Fish debris from pelagic sedi- 
ment, Modelo formation, Calif. 
(Tertiary) (Comparatively rapidly 
accumulating shallow water 
sediment)* t 24 

Shark's tooth, Mesozoic, Colorado 847 

Phosphatized bark, Middle Ameri- 
can Trencht 225 

Igneous rocks, average (18) 12 
* The significance of the distribution of rare 
earth elements in these samples is discussed by 
Arrhenius and Bonatti (11, Fig. 4 and text). 
t The composition of these samples, particularly 
the significance of their uranium content, is dis- 
cussed by Arrhenius (3, Table 5 and text). 
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Fig. 2. Geographic distribution of the atomic ratio Mn/Co in Pacific manganese 
nodules. Small, unfilled circles indicate the location of nodules with a high content 
of cobalt (Mn/Co less than 300); large, filled circles correspond to cobalt deficient 
concretions with more than 300 atoms of manganese per atom of cobalt. The cobalt 
deficient concretions appear to have crystallized slowly from dilute solution of mangan- 
ese. Structure, composition, and association with decomposed volcanics indicate that 
the nodules with a high cobalt content formed by a process of rapid precipitation from 
vulcanogenic sea water solution, partially depleted in oxygen. 

normal oxygen content as already out- 
lined. Perturbations of this distribution 

process by regional variation of the 
cobalt content of the source rock is 
minimized by the relatively even parti- 
tion of cobalt between acid and basic 
rocks, in contrast to most other 3d- 
elements. 

Under these circumstances it is of 
interest to establish the frequency and 
areal distributions of cobalt in man- 
ganese oxide minerals. A significant 
number of widely distributed analyses 
exists only for the Pacific Ocean. Figure 
1 shows the frequency distribution of 
the atomic ratio of Mn to Co in a 
collective of ferromanganese concre- 
tions from the Pacific. An arbitrary 
limit between high and low ratios has 
been drawn in the frequency distribu- 
tion at the ratio 300 atoms of Mn per 
atom of Co. Figure 2 shows the areal 
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distribution of high and low ratios. 
With the exception of an equatorial 
specimen, the high Mn to Co ratios are\ 
distributed in the marginal areas of the 
ocean. One is consequently led to be- 
lieve that the majority of the manganese 
nodules found in the central parts of 
the Pacific basin are rapidly precipitated 
from short-lived solutions of divalent 

manganese ion transferred into the 
ocean mainly by submarine vulcanism. 
It is further suggested that the major 
part of the manganese, derived from 
continental weathering, is precipitated in 
a tetravalent state in the vicinity of the 
continents. 

An empirical observation of con- 
siderable radiochemical interest is the 
concentration of thorium in those 

ferromanganese concretions which are 
believed to be of volcanic origin, and 
the paucity of this element in those 

oxide mineral deposits which are 
thought to be of dominantly continental 
origin (Table 1). This distribution 
indicates that thorium and, from other 
evidence (13), also uranium, are con- 
tributed to the ocean partly from sub- 
marine eruptives. The major part of 
the volcanically contributed thorium is 
concentrated into the primary zeolites 
(harmotome) forming in the early 
stages of interaction between the lava 
and sea water (3, Fig. 28b; 14). How- 
ever, a considerable fraction of the 
thorium apparently escapes immediate 
precipitation and becomes incorporated 
primarily in the iron-and to a smaller 
extent in the manganese oxide minerals 
formed at the gradual advection of 
oxygen to the vulcanogenic reactive 
solution (3, Table 2). This mobility of 
thorium can be understood in terms of 
the hydrolysis mechanism established 
by Hietanen (15) involving a gradual 
polymerization of Th(O,OH)Th links 
into chainlike ion complexes with de- 
creasing solubility as the number of 
links increases. 

As is evident from Table 1, thorium 
is, like cobalt, largely excluded from the 
slowly precipitating iron hydroxide and 
manganese oxide structures. The 
thorium species, brought into solution 
in the ocean from weathering continen- 
tal rocks, would consequently be ex- 
pected to be found in other slowly 
growing crystalline phases with a favor- 
able structure for the accommodation 
of this element. Probably the most 
important crystals with this function 
are the rare-earth phosphates which 
form authigenic overgrowths on dis- 
solving microcrystalline apatite on the 
ocean floor (3, 11, 16), and which in- 
variably are found to have accumulated 
large amounts of thorium (Table 2). 
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or similar other phenomena is presented. 

The bulk photovoltaic effect in in- 
sulators, previously described theoreti- 
cally by Tauc (1), has heretofore been 
demonstrated experimentally only with 
visible and ultraviolet light (2). 

One type of cell which displays the 
bulk photovoltaic effect consists of an 
insulator between, and in intimate con- 
tact with, two metals of different work 
functions. The contact potential dif- 
ference between these metals appears 
as a voltage across the insulator when 
the metals are connected through an ex- 
ternal resistance. The resulting electric 
field in the insulator will accelerate 
any current carriers raised into the con- 
duction band. We have studied cells in 
which the energy needed to excite cur- 
rent carriers is provided by ionizing 
radiation-50 kv (peak) x-rays-ab- 
sorbed in the insulator. In this case, 
part of the energy lost by radiation in 
the insulator is delivered to carriers 
raised to the conduction band and is 
thus made available to do work in an 
external circuit. This effect is funda- 
mentally different from the better 
known "barrier-layer photovoltaic ef- 
fect" which is observed only in true 
semiconductors and depends for its volt- 
age upon a depletion region due to a 
p-n junction. (See 1 for a dis- 
cussion of the distinction between these 
two phenomena.) 

Cells which display the bulk photo- 
voltaic effect under the beam from a 
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known "barrier-layer photovoltaic ef- 
fect" which is observed only in true 
semiconductors and depends for its volt- 
age upon a depletion region due to a 
p-n junction. (See 1 for a dis- 
cussion of the distinction between these 
two phenomena.) 

Cells which display the bulk photo- 
voltaic effect under the beam from a 
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50-kv x-ray tube have been fabricated 
from a variety of insulators in different 
thicknesses and with different pairs of 
electrode metals. The combinations in 
which we have observed the effect are 
listed in Table 1. 

The cells enumerated in Table 1 gave 
open-circuit (1011 ohm electrometer 
load) voltages ranging from 0.15 for 
the CdS (with In, Au) up to 1.85 for 
the anodized Al2O3 between Al, Au. The 
insulator thicknesses much greater than 
10-' cm gave short-circuit currents 
which were orders of magnitude lower 
than the thinner insulators made by 
anodizing, as might be expected owing 
to carrier recombination and trapping. 
By far the highest output was obtained 
from the thickest achievable Ta: ano- 
dized Ta2Os5:Au cells, which gave up 
to 5 ,ua short-circuit current when ir- 
radiated with 50-kv x-rays (tube cur- 
rent was 44 ma). The response of typi- 
cal Ta:anodized Ta2s05:Au cells is 
shown in Fig. 1. Of particular interest 
are the open-circuit voltages (the high- 
est value of voltage) and the short-cir- 
cuit currents (at the intersection with 
the horizontal axis). 

Two "null" cells were fabricated to 
demonstrate that the voltage observed 
was not generated by junctions or some 
other phenomenon within the insulator. 
(i) A cell of Al: anodized A1203:AI was 
prepared on the same anodized Al block 
as a cell of Al: anodized Al203:Au. 
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was not generated by junctions or some 
other phenomenon within the insulator. 
(i) A cell of Al: anodized A1203:AI was 
prepared on the same anodized Al block 
as a cell of Al: anodized Al203:Au. 

Under x-irradiation this Al:A1 cell gave 
an open-circuit voltage of less than 
0.050 compared to 1.85 for the AI:Au 
cell on the same oxide layer. (ii) A cell 
of Ta:anodized Ta205:Al was prepared 
which gave an open-circuit voltage of 
only 0.2 compared to all other Ta: 
anodized Ta205 cells using either Au 
or Ag, which gave voltages in excess 
of 0.95. Since the work function dif- 
ference of Ta: Al is about 0.1 volt 
(much lower than the Ta:Au or Ta:Ag 
differences which approach 1 volt), this 
qualitatively constitutes a null experi- 
ment. 

These null cells demonstrate that the 
cell voltage depends on the existence 
of a large contact potential difference 
between the electrode metals. 

To demonstrate that the phenomenon 
is not due to a depletion region (bar- 
rier) near one electrode, cells of Ta: 
anodized Ta20s:Au were prepared with 
the oxide layers of different thicknesses 
ranging from 0.1 to 3.5 [u. The short- 
circuit photocurrents from cells with 
oxide 2.2 and 3.5 / thick (thickness 
measured by metallurgical sectioning) 
were directly proportional to the oxide 
thickness, thus showing that carrier col- 
lection is a bulk effect. 

Some of the cells which gave high 
output under the x-ray beam were ex- 

Table 1. Metal-insulator-metal combinations 
in which the x-ray induced bulk photovoltaic 
effect has been demonstrated. The first-named 
electrode metal is a substrate upon which 
the insulator was deposited; the last (more 
noble) metal was evaporated in vacuum (ex- 
cept for the Al: sulfur: Pt cell). 

Insulator 
Insulator thickness 

(cm) 

Al,Au electrode 
A1203 (anodized) 10-5, 3 X 10-5 
AI20 (sapphire) 3 X 10-2 
CdWO, (crystal) 7 X 10-2 
CaWo4 (crystal) 3 X 10-2 
Mylar film 10-3, 3 X 10-3 

Ta,Au electrode 
Ta2,O (anodized) 10-5 to 10-4 
Silicone varnish ' 10-3 

Ta,Ag electrode 
Ta205 (anodized) 7 X 10-5 

Al,Pt electrode 
Sulfur (cast) 1.5 X 10-2 

In,Au electrode 
CdS (1012 ohm-cm 

crystal) 8 X 10-s 
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X-Ray-Induced Bulk Photovoltaic Effect in Insulators 

Abstract. When an insulator, sandwiched between metals of dissimilar work 
functions, is irradiated with x-radiation, a voltage related to the contact potential 
difference of the metals is observed. This phenomenon, known as the bulk photo- 
voltaic effect, has been demonstrated in a variety of metal-insulator-metal com- 
binations. Evidence that the voltage is not generated by junctions, barrier layers, 
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